We have designed, fabricated, and tested two lightweight fiber optic sensors for the dynamic measurement of acoustic pressure and acceleration. These sensors, one a microphone and the other an accelerometer, are required for active blanket sound control technology under development in our laboratory. The sensors were designed to perform to certain specifications dictated by our active sound control application and to do so without exhibiting sensitivity to the high electrical voltages expected to be present. Furthermore, the devices had to be small ͑volumes less than 1.5 cm 3 ͒ and light ͑less than 2 g͒. To achieve these design criteria, we modified and extended fiber optic reflection microphone and fiber microbend displacement device designs reported in the literature. After fabrication, the performances of each sensor type were determined from measurements made in a dynamic pressure calibrator and on a shaker table. The fiber optic microbend accelerometer, which weighs less than 1.8 g, was found to meet all performance goals including 1% linearity, 90 dB dynamic range, and a minimum detectable acceleration of 0.2 mg/ͱHz. The fiber optic microphone, which weighs less than 1.3 g, also met all goals including 1% linearity, 85 dB dynamic range, and a minimum detectable acoustic pressure level of 0.016 Pa/ͱHz. In addition to our specific use in active sound control, these sensors appear to have application in a variety of other areas.
I. INTRODUCTION
Active sound control systems often require, in addition to actuator and electronic control components, specialized sensor devices. The requirements associated with such sensors to a large part are determined by the particular active control approach employed as well as the kind of performance expected of the sound controlling system. In the process of developing what we call ''active smart acoustic blanket'' technology, 1 the need has arisen for acoustic microphones and accelerometers with the somewhat unique set of characteristics created by the active blanket and its intended applications. The blanket is a light-weight polymer multilayer structure with distributed, thin piezoceramic actuators, sensors, and control circuitry. One of its intended functions is to decrease interior transmission of the very high sound levels incident upon satellite payload fairings during their launch phase. The blanket control methodology, which attempts to alter the acoustic impedance at the air/structure interface, requires broadband sensor inputs for both acoustic pressure and acceleration. Weight limitations on the blanket demand light-weight devices, and the mechanically integrated blanket form necessitates sensors which would be immune from the high electrical voltages within and throughout the blanket. Because we have successfully designed, fabricated, and tested microphones and accelerometers having this unique set of required properties and since it appears that the sensors would have uses beyond our particular application, we report the details of these sensors in this article. In Sec. II, we describe the sensor performance requirements and discuss the rationale for our choice for the two sensor approaches. In Sec. III, we describe the particular designs produced. We present the performance measurements made on prototypes of each sensor in Sec. IV and discuss the results in Sec. V.
II. SENSOR REQUIREMENTS
In the payload fairing noise application ͑as with many other uses for the smart acoustic blanket͒ weight is an issue. Accordingly, the total weight per unit area of the blanket is constrained; and in our particular case, this leads to a weight budget of 2 g or less for each sensor. The acoustic noise to be controlled is relatively broadband leading to a required sensor bandwidth from 50 to 2000 Hz. The linear dynamic range requirement is a minimum of 60 dB. The linearity ͑taken to be the relative level of the highest harmonic͒ should be 1% or less. The sound levels associated with the payload fairing application are relatively high. This fact leads to modest requirements on threshold detectability for both the microphone and accelerometer. The required minimum detectable acoustic pressure level is 0.1 Pa/ͱHz, while the minimum detectable normal acceleration level is 5 mg/ͱHz. Here and throughout the text, the symbol ͱHz denotes a root-meansquare level derived from a spectral density level. Crosstalk sensitivity between the microphone and accelerometer cannot exceed certain threshold levels. These are 10 Pa/g for the acceleration response of the microphone and 0.0003 g/Pa for the dynamic pressure response of the accelerometer, with g being the acceleration of gravity. In addition, the ratio of transverse to axial sensitivity must be no more than 3% for the accelerometer. Since a limited amount of real estate is available within the blanket for the sensor devices, given the desired blanket topology, sensors with volumes on the order of about 1.5 cm 3 are desired. Finally, cost is a key factor, and our goal is a sensor cost in the neighborhood of tens of dollars.
The existence of high voltage actuator electrical signals within the blanket structure and the requirement to guarantee isolation of such signals from the sensors led us to focus on fiber optic solutions for the microphone and accelerometer since electric fields have a negligible effect on the light propagating in the optical fibers typically used in fiber optic sensors.
Many of the simplest, smallest, and cheapest fiber optic sensors that have been realized to date have been of the intensity modulated type. 2 Within this general category, we found that microbend displacement sensors 3 and lever microphones 4 are two ideal candidates for our application. Consider first the use of a fiber microbend displacement sensor as an accelerometer. In earlier work, 3 optical fibers with optimum mode coupling properties were placed between mechanical deformers having a spatial periodicity optimized to induce mode coupling ͑and loss of light͒ when the fiber was periodically bent by an external force acting on the deformer. This displacement device becomes an accelerometer by mounting the deformer compliantly and treating its mass as an inertial mass. As the device is accelerated, the inertia of this mass causes the fiber to deform modulating its optical transmission. As shown by Lagakos et al., 3 for a given mode structure, the accelerometer sensitivity is controlled by the deformer mass and the effective stiffness of the attachment and sensing fiber combination. They showed that with their selected fibers, 1 g deformer masses could lead to minimum detectable acceleration levels below 1 g. Our goal here is a smaller, lighter accelerometer. However, since there appeared to be ample threshold detectability to trade off ͑three orders of magnitude͒ in shrinking the size and reducing the overall weight, the microbend technique was chosen for the accelerometer.
Next, consider optical fiber lever microphones. [4] [5] [6] In these devices, light exiting an optical fiber reflects from a pressure sensitive diaphragm back into a collection fiber. Motion of the diaphragm modulates the light level entering the collection fiber. Microphones of this type have been built 4 with threshold detectabilities below 70 dB re: Pa. In fact, high temperature sensors of this type have been demonstrated using special materials. 6 Again in this case, there seemed to be ample sensitivity to trade off ͑one and one half orders of magnitude͒ in attempting to reduce the weight and spatial extent of this sensor type to meet our goals.
III. SENSOR DESIGNS

A. Microphone
The starting point for our fiber optic microphone design was the high-temperature lever microphone of Zuckerwar et al. 6 This sensor had an overall size consistent with our requirement. However, its mass had to be reduced by an order of magnitude to meet our 2 g goal. In addition, their particular design employed a single collection fiber necessitating the use of a prohibitively expensive ͑for us͒ optical coupler. We incorporated the earlier ideas of He and Cuomo 4 and Hu et al. 5 by considering a multicollection fiber approach requiring no such coupler.
The design of our lever microphone is shown in Fig. 1 . As can be seen, the design incorporates a single source fiber and a six-fiber receiving bundle housed within a plastic cartridge made from noryl. Light from a light emitting diode ͑LED͒ coupled into a multimode fiber propagates to the wellpolished end of the source fiber. There, it leaves the fiber, propagates a very short distance in air, is reflected by a diaphragm back into a bundle of six receiving fibers surrounding the transmitting fiber, and is detected by a photodiode. The light source used in this work is a LED emitting at 850 nm, and the detector is a silicon PIN diode. The introduction of a light weight plastic material for the cartridge, which provides not only the sensor foundation but also the mechanisms for obtaining the desired membrane tension and membrane-probe separation, is the key to achieving a light weight sensor.
The optical fiber is commercially available, manufactured by Spectran Specialty Optics. It has a 200 m glass core, a 230 m plastic clad, a 500 m Tefzel plastic coating, and a 0.37 numerical aperture.
The seven fiber probe ͑one transmitting and six receiving͒ utilizes a stainless steel tubing with 1.270 mm outer diameter ͑o.d.͒ and 838 m inner diameter. The coating is first stripped from each fiber using a 305 m blade diameter stripper. ͑The blade diameter must be larger then the fiber clad diameter to avoid any clad damage.͒ Next, epoxy is applied to the stripped fibers as they are forced to form a symmetric bundle around the transmitting fiber. After the epoxy has cured, the fiber bundle is cut close to the tubing end and the fiber probe is finely polished.
In order to determine the optimum probe-diaphragm static separation, the displacement sensitivity of the sevenfiber probe was studied. The probe was mounted on a manually controlled micrometer translation stage and then placed in close proximity to a mirror mounted on a piezoelectric transducer. Using the micrometer translator and the piezoelectric transducer in a straightforward manner, the direct current and alternating current displacement sensitivities were studied. A somewhat broad dynamic sensitivity maximum was found for a probe-mirror separation between 180 and 250 m, the mean of which we take to be the optimum probe-diaphragm separation. At this separation, a displacement sensitivity of 6.35ϫ10 Ϫ3 W/cm was achieved. Since one can detect a fraction of 1 pW/ͱHz with a good PIN, the detector noise-limited minimum detectable displacement is predicted to be less than 10 Ϫ10 cm/ͱHz. We also studied a comparable single fiber probe configuration. It is interesting to note that the maximum sensitivity for the seven-fiber probe was found to be almost five times higher than that observed for a single fiber probe. Also, in the single fiber probe the optimum probe-diaphragm separation was found to be quite small ͑Ͻ100 m͒ requiring very careful handling to avoid any diaphragm damage. In addition, the single fiber probe ͑as mentioned previously͒ required a fairly expensive multimode fiber coupler. For these reasons, we focused on the multifiber probe design for our microphone. The microphone was completed by then attaching a reflecting membrane at the optimum distance from the fiber probe tip. The membrane is a 1.27ϫ10
Ϫ3 cm mylar ͑polyes-ter͒ layer, one surface of which is coated with a thin aluminum film. The tension on the mylar membrane was adjusted to achieve the desired acoustic bandwidth. The optimum membrane-probe separation was achieved by monitoring the detected light from the six-fiber probe and taking into account the probe calibration data from the displacement experiments.
B. Accelerometer
The microbend accelerometer was designed using the principles developed by Lagakos et al. 3 and guided by the experience of Miers et al. 7 who designed and built one of the first reported microbend accelerometers. That device, which was meant to operate in a variety of harsh environments including underwater, is significantly heavier and larger than what we require.
The design of our light-weight microbend accelerometer is shown in Fig. 2 . The casing is made from noryl ͑the same material used for the microphone͒, and the inertial mass is a 0.5 g brass piece glued at its center of gravity to a 0.5 mm vinyl plate. We found that the use of a plate mount which could be attached at all four edges ͑versus the beam used by Miers et al.͒ 7 was critical for achieving sufficiently low sensitivity to lateral acceleration. As can be seen in Fig. 2 , the accelerometer has four parts: the base, the spacer, the inertial mass, and the top. The inertial mass has three teeth separated by 3.047 mm which are carefully aligned with respect to the four teeth of the base. The teeth of the inertial mass and the base were carefully sanded so that they contact the sensing fiber uniformly.
The critical steps in designing a microbend sensor are the choice of fiber, the spatial periodicity of the deformer teeth, and the deformer displacement bias. We chose a commercially available fiber manufactured by Fiberguide Industries having a 200 m o.d. glass core, a 220 m o.d. glass clad, a 260 m o.d. aluminum coating, and a 0.22 numerical aperture, defined as the product of the optical index and the sine of the acceptance angle. The core size chosen is a compromise between efficient light coupling ͑large core͒ and cost ͑small core͒. The thin cladding and coating thicknesses are important for achieving a relatively low fiber bending stiffness. The choice of aluminum versus plastic for the protective coating was made to eliminate creep. The additional cost of the metal coating is not important given the short lengths ͑Ͻ2 cm͒ used for the sensing fiber. The numerical aperture was chosen to be significantly less than that of the lead fibers consistent with the different functions of these two fibers. The optimum deformer spatial periodicity was determined by experiment. The fiber was bent periodically by a special deformer arrangement consisting of a plexiglass grooved plate ͑with a groove periodicity of 5 cm͒ which could be rotated relative to the fiber axis. By rotating the deformer against the fiber, the bending periodicity could be continuously changed from 5 cm up to some practical maximum. One plate of the deformer could also be displaced normally with respect to the other by a micrometer translator. Several deformers having different periodicities were used to cover a large range of spatial periods. The measurements show a maximum in the microbend loss for a periodicity of 3.047 mm, and this tooth separation was chosen for the sensor deformer.
The optimum deformer spatial bias was determined experimentally by using the combination of a statically applied micrometer displacement and a dynamically produced displacement by means of a piezoelectric transducer. The maximum displacement sensitivity (4.5ϫ10 Ϫ2 W/cm) was found for a deformation bias of 40 m. Again using a PIN photodiode with a minimum detectable signal level of 1 pW/ͱHz, the minimum detectable displacement is calculated to be less than 10 Ϫ10 cm/ͱHz. The optimum deformer spatial bias was achieved by carefully sanding the sensor spacer. The base, the spacer, the vinyl plate, and the sensor top are held together with four small nylon screws.
The resonance frequency of the sensor, which should be significantly above the operating frequency band, was controlled in the following manner. We chose to place the resonant frequency at 5 kHz, which implies for a 0.5 g inertial mass that the effective stiffness of the fiber/attachment combination be 4.9ϫ10
8 Hz 2 g. Our sensing fiber thickness and materials were chosen to result in a low fiber bending stiff- ness. Since our sensing fiber stiffness is calculated to be 3.2ϫ10
8 Hz 2 g, the desired sensor resonant frequency is for the most part controlled by the vinyl plate stiffness and the torque applied to the four nylon screws. We adjusted the latter to ''fine tune'' the resonance to 5 kHz.
Finally, two holes were placed completely through the sensor top to provide dynamic pressure equilibration. We found that the presence of the holes led to a 30 dB decrease in deleterious sensitivity to acoustic waves.
IV. SENSOR PERFORMANCE
Two systems, a dynamic pressure calibrator and a shaker table, were used to evaluate the performances of the fiber optic microphone and the fiber optic accelerometer. The dynamic pressure responses ͑acoustic sensitivities͒ were obtained by placing the particular sensor together with a standard calibration microphone in a Bruel & Kjaer ͑B&K͒ pressure calibrator, type 4221. The calibration microphone was a 0.64 cm B&K 4938 sensor with a 2669 B&K preamplifier and a 2690 B&K amplifier. A broadband pulse was applied to the calibrator, and the output signals from the fiber optic sensors and the calibration microphone were recorded and stored in a Macintosh computer using a ML750/M Power Lab recorder. The acceleration responses of the fiber optic sensors were obtained by mounting each sensor on a shaker table and monitoring the table acceleration with an Endevco ͑2250A͒ reference accelerometer. Both the fiber optic microphone and fiber optic accelerometer used a LED manufactured by OPTEK Technology ͑model OPF 370A͒ and a PIN silicon photodiode detector manufactured by Thorlabs ͑model PDA 55͒.
The measured acoustic sensitivity of the fiber optic microphone is shown in Fig. 3 . The advertised useful frequency range of the calibrator does not extend to the higher frequencies of our band of interest ͑2000 Hz͒, and so we display the results only up to 1000 Hz. As can be seen, the response is flat ͑within experimental accuracy͒ over this band. In fact, we estimate the resonant frequency of the diaphragm/mount assembly to be in the neighborhood of 20 kHz so that we expect the flat frequency response observed up to 1 kHz to extend up at least to our design goal of 2 kHz.
We also measured both the axial and transverse acceleration response of the microphone ͑what we referred to as crosstalk͒ over the band from 50 Hz to 2000 Hz. Knowing this and the acoustic response as well allows us to determine a noise equivalent parameter which is the acceleration level required to produce a sensor output equal to that produced by a 1 Pa acoustic signal. We found a frequency independent response of 1 Pa/g for transverse acceleration and 3 Pa/g for axial acceleration. In addition, we measured the intrinsic noise level of the microphone from which we calculated the minimum detectable acoustic level to be 0.016 Pa/ͱHz. The linear dynamic range is 85 dB and the linearity 1%. These parameters are listed in Table I .
The measured acceleration sensitivity of the fiber optic microbend accelerometer is shown in Fig. 4 over the band 50-2000 Hz. Within Ϯ1 dB, the response is flat and meets our goal. The slight rise with frequency results from the fact that the higher frequencies are beginning to approach the resonant frequency of the device ͑5 kHz͒. We also measured the transverse acceleration sensitivity ͑ideally, this would be zero͒ and found it to be about 3% of the axial response. The acoustic response ͑crosstalk͒ of the accelerometer was found to be sufficiently low (Ͻ3ϫ10 Ϫ4 g/Pa) and independent of frequency. Measurement of the internal noise of the device is consistent with a minimum threshold detectability of 0.2 mg/ͱHz. Finally, the linear dynamic range was found to be 90 dB and the linearity 1%. All of these parameters are listed in Table II .
V. DISCUSSION
The characteristics and performance we have achieved for both the fiber optic microphone and fiber optic accelerometer meet or exceed our goals as presented in Sec. I. For the case of threshold detectability, the performance exceeds the goal by an order of magnitude for both the accelerometer and the microphone. However, the goal ͑and the challenge͒ in this work was to achieve the desired performances in a small, lightweight, inexpensive, fiber optic, electrically immune sensor package. In so doing, these sensors represent new devices which should have applications of more general interest than just our particular focus.
In order to present that case, we compare the sensors to several high performance devices which in some sense are well known, commonly used sensors in the field. The comparisons are summarized in Tables I and II. The microphone  comparison is compiled in Table I . It compares our fiber optic microphone with the Bruel & Kjaer model 4938 and the Model Shop, Inc., model 130A10. An important issue to highlight is that for both nonfiber-optic microphones, a relatively large, heavy, expensive preamplifier must be inserted ͑typically in immediate proximity to the sensing device͒ to achieve the listed performances. Accordingly, our sensor has a significantly superior weight and cost ͑by almost two orders of magnitude͒ and a more favorable size ͑by a factor of 2 or so͒. We also point out that in microphone array applications, the size reduction ͑together with the use of thin fiber leads versus thicker electrical cables͒ provides a major advantage in cases where it is important that the sensor array not disturb the acoustic field to be measured.
The accelerometer comparison is compiled in Table II . It compares our fiber optic accelerometer with the popular Bruel & Kjaer model 4375. As can be seen, in some cases the performance of the Bruel & Kjaer accelerometer is superior. For example, the Bruel & Kjaer device has a significantly larger bandwidth and a smaller acoustic pressure sensitivity. The latter, however, is a direct consequence of the use of a small container to house the accelerometer, a technique that could be used for the fiber optic accelerometer as well. However, the cost of the Bruel & Kjaer accelerometer ͑including that of the necessary amplifier͒ is 100 times greater than our fiber optic version.
Finally, we point out that regarding dynamic range and minimum detectable levels, it should be possible to improve these numbers significantly beyond our present goals. For example, in our devices, both of these parameters were limited by the intrinsic noise of the LED power supply, and superior supplies are available without much increase in cost. In fact, we believe that lower noise LED power supplies could be utilized which would lead to very low minimum detectable pressure and acceleration levels as indicated in Tables I and II ͑the entry labeled ''possible͒.'' In both these cases the threshold levels would then be better than the elec- trical devices, by a factor of 5 for the microphone and by two orders of magnitude for the accelerometer.
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